Malaria is a major human parasitic disease caused by four species of Plasmodium protozoa. Plasmodium vivax, the most widespread, affects millions of people across Africa, Asia, the Middle East, and Central and South America. We have studied the genetic variability of 13 microsatellite loci in 108 samples from 8 localities in Asia, Africa, South America, and New Guinea. Only one locus is polymorphic; nine are completely monomorphic, and the remaining three are monomorphic in all but one or two populations, which have a rare second allele. In contrast, Plasmodium falciparum displays extensive microsatellite polymorphism within and among populations. We further have analyzed, in 96 samples from the same 8 localities, 8 tandem repeats (TRs) located on a 100-kb contiguous chromosome segment described as highly polymorphic. Each locus exhibits 2-10 alleles in the whole sample but little intrapopulation polymorphism (1-5 alleles with a prevailing allele in most cases). Eight microsatellite loci monomorphic in P. vivax are polymorphic in three of five Plasmodium species related to P. vivax (two to seven individuals sampled). Plasmodium simium, a parasite of New World monkeys, is genetically indistinguishable from P. vivax. At 13 microsatellite loci and at 7 of the 8 TRs, both species share the same (or most common) allele. Scarce microsatellite polymorphism may reflect selective sweeps or population bottlenecks in recent evolutionary history of P. vivax; the differential variability of the TRs may reflect selective processes acting on particular regions of the genome. We infer that the world expansion of P. vivax as a human parasite occurred recently, perhaps <10,000 years ago.
M
alaria counts among mankind's worst scourges. It is caused by four species of protozoan parasites of the genus Plasmodium, affects 300-500 million people, and kills more than one million people every year. Most mortality and morbidity occur in subSaharan Africa, caused by Plasmodium falciparum, the most virulent species. Most geographically widespread and prevalent in some regions is Plasmodium vivax, which accounts annually for 70-80 million clinical cases across much of Asia, Central and South America, the Middle East, and Africa. Malaria is a reemerging disease in several countries, and imported malaria is becoming a health problem in Western Europe; Ϸ6,500 cases are reported annually in Germany, France, Italy, and the United Kingdom. P. falciparum infections account for the majority of cases (64%), but P. vivax infections are responsible for 23% (1) (2) (3) (4) . Residual anophelinae populations capable of P. vivax transmission pose a permanent risk for the (re)emergence of P. vivax malaria where it currently does not exist, as recently observed in Central Italy (5) .
Advances in malaria research have been made possible by the complete genome sequence of P. falciparum (6) and the rodent parasite Plasmodium yoelii yoelii (7) ; the sequence of P. vivax is well under way (8) . Parasite control strategies depend on understanding the genetic variability and population structure of the parasites (8) . Studies of genetic variability, population structure, and evolution of P. falciparum have recently accelerated. Less information exists for P. vivax, surely because of its lesser virulence but also because it cannot easily be maintained under in vitro continuous culture conditions (9) ; this has handicapped development of molecular tools for fingerprinting P. vivax isolates, such as exist for P. falciparum (10) , and has negatively impacted the investigation of its population genetic structure (11) .
Analyses of polymorphism and population diversity of P. vivax have focused on parasite molecules that are under selection by host immunity, particularly antigens homologous to those of P. falciparum, such as the merozoite surface protein, circumsporozoite surface protein, or erythrocyte-binding antigens (10, 12) . However, some population parameters are better investigated by using DNA markers that are neutral or not under strong selection, such as microsatellite loci (13) .
We herein present the analysis of 13 microsatellite loci that we have developed for investigating genetic diversity of P. vivax in 108 isolates from 8 localities representing different regions of the world and 26 isolates from 8 phylogenetically related Plasmodium species parasitic to Old World monkeys from Asia, plus Plasmodium simium, parasitic to New World monkeys, which is genetically indistinguishable from P. vivax on the basis of two protein-encoding genes (14) (15) (16) . We have also investigated, for comparative purposes, the polymorphism of eight tandem repeats (TRs) located on a 100-kb DNA contiguous chromosome segment, previously described as highly polymorphic (4).
Materials and Methods
Plasmodium-Infected Blood Samples. The P. vivax samples are from eight geographic areas and several continents. P. vivax-infected human blood samples were collected from Azerbaijan, Thailand, Turkey, Venezuela, and Ethiopia. Three blood samples were obtained from symptomatic individuals returning from travel in Mozambique, Papua New Guinea, and Sri Lanka. The P. vivax Belem strain from Brazil (17) for dinucleotide (CA and GA) and tetranucleotide (GATA) repeats were constructed following described protocols (18, 19) .
Microsatellite PCR Conditions. Primers of the 13 microsatellite loci were determined by using the PRIMER 3 program (available at www.genome.wi.mit.edu͞cgi-bin͞primer͞primer3www.cgi). Amplification was performed in a reaction mixture of 20 l containing 2 l of genomic DNA, 1ϫ reaction buffer, 2.5 mM MgCl 2 , 80 M each dNTP, 6 pmol of each primer, and 1.3 units of TaqDNA polymerase (Promega). One denaturation cycle at 94°C for 2 min was followed by 30 cycles at 94°C for 20 sec, annealing temperature (varied according to locus) for 40 sec and extension at 72°C for 30 sec. The microsatellite PCR products were size-genotyped by using a standard-size Genescan 500 LIZ on an ABI Prism 310 Genetic Analyzer (PE Applied Biosystems). We checked for homology by sequencing and comparing alleles of several Plasmodium species to DNA sequences from P. vivax Belem (Table 1) . Primers, core sequences, and annealing temperatures for the 13 loci are given in Table 4 , which is published as supporting information on the PNAS web site.
TR PCR Conditions. Amplification was performed in a reaction mixture of 25 l containing 1 l (Ϸ20 ng) of total DNA, 0.8 mM each dNTP, 20 pmol of each primer, 2.5 l of buffer 10ϫ (Promega), 1.5 mM Mg 2ϩ (Promega), and 0.25 units of TaqDNA polymerase (Promega). Thermocycling with the MJ Research (Cambridge, MA) PTC100 96 well consisted of initial denaturation at 94°C for 2 min, 35 cycles at 94°C for 20 sec, at 55°C for 10 sec, at 50°C for 10 sec, at 65°C for 90 sec, and final extension at 65°C for 5 min. PCR products were size genotyped as for the microsatellites. TR sequences and primers are in Table 4 .
Results
Microsatellite Variability in P. vivax. We developed 13 microsatellite loci from DNA sequences of the P. vivax Belem strain extracted from Saimiri monkeys, controlling that neither human nor Saimiri DNA amplified with any of these microsatellite loci. Table 1 displays the allele frequencies at 13 loci in 108 P. vivax samples. Genetic variability is very limited. Nine loci are monomorphic in every locality and in the whole sample. One locus is polymorphic, with nine alleles in the whole sample, two to six alleles in a given locality. Three loci show, each in only one or two localities, two alleles, but the second allele in low frequency. One of these three loci occurs in Venezuela, where the rare allele appears only once among 18 individual samples, and in the Thai population, where a 
second allele is present in 3 of 20 individual samples. The two other loci occur in Venezuela and Turkey, where the rare allele appears only once. The P. vivax genome has been partially sequenced (8) . We checked by National Center for Biotechnology Information BLAST2 whether our microsatellite sequences are present in the databank European Molecular Biology Laboratory-European Bioinformatics Institute. Two microsatellite sequences (AY391732 and AY391742) appear in preexisting genomic sequences (GenBank accession nos. AZ571837 and AZ572184, respectively). None of the 13 microsatellite loci seems to be located within a known sequence of antigenic surface protein genes, which could be under strong selective pressures by host immune response.
TR Variability in P. vivax. Among 33 polymorphic TRs described (4), we selected eight that display strong polymorphism (see figure 3 in ref. 4) . Table 2 shows allele frequencies of P. vivax at 8 TR loci (a total of 96 samples were analyzed; DNA templates were not available for TR analysis in 12 samples used for microsatellites). Variability ranges from 2 to 10 alleles (Table 2 ). In localities with 8 or more individuals, the mean number of alleles per locus varies from 2.0 to 2.9. The number of alleles per population varies from 1 to 5, with a prevailing allele in most cases (in 35 of 40 cases where more than 8 P. vivax individuals were analyzed, 1 allele displays a frequency Ն0.5; Table 2 ). The number of alleles per TR locus within a sample does not exceed the number observed in the most polymorphic microsatellite locus, indicating that TR polymorphism is not unusually high.
We have calculated genetic differentiation between samples of eight or more individuals. F st estimator values range from 0.25 to 0.60 with strong differentiation between populations; 8 of 10 pairwise comparisons are significant (Table 3) .
Genetic Variability in Related Plasmodium Species. The limited variability of P. vivax might be due to mutational constraints on the microsatellite loci. We tested this possibility by investigating several primate Plasmodium species with different degrees of phylogenetic relatedness to P. vivax. Fig. 1 displays a consensus phylogenetic tree, derived from three sets of gene sequences encoding circumsporozoite protein (15) , cytochrome b (16, 20) , and small subunit ribosomal RNA (14) . The three phylogenies are consistent with one another and with the number of shared microsatellite loci (i.e., the number of loci that could be amplified) between P. vivax and the other Plasmodium species.
The Plasmodium species in Fig. 1 are parasitic to Old World monkeys, except P. simium, which parasitizes New World monkeys 
Locus, GenBank accession number. Allele, allele size in base pair. Sample size, number of individual samples. Capital-letter abbreviations are for geographic populations of P. vivax; lower-case abbreviations are for Plasmodium species. BEL, Belem strain; AZE, Azerbaijan; THA, Thailand; TUR, Turkey; VEN, Venezuela; PNG, Papua New Guinea; MOZ, Mozambique; ETH, Ethiopia; SRL, Sri Lanka; sim, P. simium; cyn, P. cynomolgi; fie, P. fieldi; inu, P. inui; hyl, P. hylobati; kno, P. knowlesi; coa, P. coatneyi; fra, P. fragile; and gon, P. gonderi. -, no amplification. *Seventy-seven alleles were sequenced and compared for similarity to DNA sequences of P. vivax Belem strain. (Full data available upon request from F.R.)
but is genetically indistinguishable from P. vivax at two loci (15, 16) . The microsatellite data confirm this lack of genetic differentiation. First, all 13 microsatellite loci could be amplified in P. simium, the only species for which this is the case. Second, P. simium carries the same allele as P. vivax at the nine monomorphic loci, the most common P. vivax allele at the three slightly polymorphic loci, and one of the P. vivax alleles at the polymorphic locus (Table 1) . P. gonderi, a parasite of African Cercopithecoidea, does not share any microsatellite (or TR) locus with P. vivax ( Fig. 1 and Table 1 ). Our results confirm that P. vivax belongs to a monophyletic group of Plasmodium species that parasitize Asian Cercopithecoids (14-16, 20, 21) .
It is significant that eight loci that are monomorphic (or nearly) in P. vivax are polymorphic in three of the five Plasmodium species with more than one DNA sample (Table 1 and Fig. 1 ; two other monomorphic, or nearly monomorphic, loci are polymorphic between species, and two loci could not be amplified). Despite the low number of DNA samples, these species are polymorphic. Among three DNA samples of P. fieldi, 2 or 3 alleles occur at each of 6 of the 8 amplified loci. In P. cynomolgi, 7 of the 10 amplified loci are polymorphic (Table 1) . We have confirmed the homology between alleles by sequencing them in different Plasmodium species, whenever possible and comparing the DNA sequences to those of P. vivax Belem ( Table 1 ). All sequences are similar among the different Plasmodium species. The meager genetic polymorphism of P. vivax may not be attributed to strong evolutionary conservation of the sequences analyzed.
We also tested the eight TR loci in the other Plasmodium species except for P. hylobati because of lack of DNA template. A main result is that, once again, P. simium presents alleles identical to those of P. vivax except at one TR locus, where P. simium presents one private allele. This, however, is also the case for the Belem, Venezuelan, Ethiopian, and Turkish samples of P. vivax, which each display at least one private allele at one TR locus ( Table 2 ). The number of shared TR loci between the other Plasmodium species and P. vivax or P. simium is markedly lower than for microsatellite loci. This could reflect that the 100-kb region where the TRs are located is more polymorphic than the chromosomal regions where the microsatellites are located. This consideration strengthens genetic indistinguishability of P. simium and P. vivax. A neighbor-joining tree based on TR genetic distances between populations of P. vivax and P. simium includes P. simium within the P. vivax polymorphism. On the basis of TR variability, P. simium, which comes from South America, is more closely related to P. vivax from Azerbaijan than that from Venezuela (Fig. 2) .
Discussion
Two paradoxes arise concerning microsatellite polymorphism in P. vivax. The first arises because of the extremely low polymor- Table 1 . All TR loci failed to amplify in five species (hylobati, knowlesi, coatneyi, fragile, and gonderi, sample size 1-4) and only MN25 amplified in inui, where all five individual samples share one private allele; these six species are not listed in the table. Only one individual sample was amplified for each of four populations of P. vivax (BEL, PNG, MOZ, SRL), which also are not listed. The Belem strain has a private allele at two loci (MN1 and MN7); the three other populations show at all eight loci one allele common in other populations, and so does the Belem strain at six loci.
phism: total absence of polymorphism in most or all populations at all but one locus. The second refers to the lack of genetic differentiation in microsatellite and TR loci between P. vivax and P. simium, a New World monkey parasite, a lack of differentiation that has been previously observed for other genetic data (15, 16) . The two paradoxes might be related.
Microsatellite polymorphisms arise at high rates, in other organisms as well as in Plasmodium (22) (23) (24) (25) , by replication slippage yielding new alleles with a different number of repeating units. The scarcity of microsatellite polymorphism in P. vivax, therefore, is puzzling. In the AT-rich genome of P. falciparum (26) , (TA) n microsatellites are abundant (22) (23) (24) (25) , but they are much less frequent in P. vivax (4) . The (CA) n repeats that predominate in many animal and plant genomes are also rare in P. vivax (4) . [(TA) n and (CA) n refer to multiple (n) consecutive copies of the dinucleotides TA and CA.] These observations may account for the low incidence of microsatellite loci in the P. vivax DNA library but cannot fully account for the scarcity of polymorphism. The polymorphism at these loci is extensive within and between other Plasmodium species (Table 1) . Moreover, microsatellites with similar ranges of repeat motif structure show high variability in P. falciparum (22) (23) (24) and other organisms (27) . Even the one locus truly polymorphic in P. vivax (GenBank accession no. AY391744) does not display a large number of alleles when compared to P. falciparum (22) (23) (24) . The same observation applies to the polymorphism observed in the TR loci, which contrasts with previous results, indicating highly polymorphic TR sequences in the P. vivax genome (4), even though this previous study included only five samples of P. vivax from India, El Salvador, Brazil (two samples), and Thailand.
The global polymorphism of P. vivax TRs is higher than for microsatellite loci but is relatively low within populations. This is surprising, because the P. vivax TR loci are located in a 100-kb region syntenic to a section of chromosome 3 of P. falciparum, which contains many putative genes encoding proteins and the circumsporozoite surface protein gene, likely to be under strong selective pressure, both purifying and diversifying (4) . The similarity between the amplifications obtained for the primate Plasmodium species is much lower for TR than for microsatellite loci, indicating that the region including the TR loci may be subject to diversifying selection. Some TR loci may be located near sequences subject to selection and thus, effectively, would not be neutral.
Considerable polymorphism has been observed in P. vivax genes involved in drug resistance or coding for surface proteins (4, (28) (29) (30) (31) (32) (33) . The variability observed in the corresponding genes of P. falciparum was first ascribed to ancient origin (34) , but the virtual absence of variation at silent (synonymous) sites in these and other proteinencoding genes is consistent with a recent population expansion of P. falciparum (35, 36) . This hypothesis has been challenged (37, 38) , but additional data (39-43) support a recent bottleneck and world expansion of P. falciparum (review in ref. 43 ). The data for P. vivax are less abundant, particularly for within-population polymorphism. The genes encoding the apical membrane antigen 1 (PvAMA1) and the merozoite surface protein 1 (PvMSP1) exhibit considerable synonymous and nonsynonymous polymorphism (32, 33) . However, the rate of synonymous substitutions is eight times larger in PvMSP1 than in PvAMA1, suggesting that the synonymous substitutions may not be neutral (32) . That synonymous substitutions may not always be neutral is apparent in P. vivax (4) , where synonymous substitutions are significantly more frequent than nonsynonymous substitutions at the 14070c locus, whereas they are less frequent or absent at other loci (14090w and 14110w) , a result compatible with a recent population bottleneck (or selective sweep; see below) in P. vivax. The TR loci we have analyzed are located in the same chromosomal region as 14070c, 14090w, and 14110w; they could be subject to the same evolutionary processes. Consistent with a recent world dispersal of P. vivax is Feng et al.'s (4) observation that among 37 polyT repeats and 39 polyA repeats Ͼ15 bp, only 7 are polymorphic among 5 geographically widely dispersed isolates (4), which contrasts with highly polymorphic polyT, polyA, and (TA) in P. falciparum (26) .
Genes encoding surface antigens targeted by the host's immune response are subject to diversifying selection promoting genetic polymorphism (44) . There is evidence for diversifying selection acting on erythrocyte-binding antigens in P. vivax as well as P. falciparum (12) . Directional selection favoring a particular allele will reduce or eliminate genetic polymorphism around the selected site (45) (46) (47) . If the selective sweep is recent and strong, a large region around the site may become genetically uniform, and the size of the unvaried region may be used to estimate the intensity of the selection and the age of the selective sweep (46, 47) . The virtual absence of polymorphism at 12 microsatellite loci of P. vivax could be due to each locus being closely linked to a gene (site) recently subject to a selective sweep. There is no convincing direct evidence supporting these multiple recent selection events. The large number of microsatellite loci (but not alleles) shared between P. vivax and P. cynomolgi (10 loci) or P. fieldi (8 loci) ( Fig. 1 and Table 1 ) suggests that the flanking regions of the microsatellite loci may be very similar in sequence and thus evolutionarily conserved.
It seems likely that P. vivax may have been recently subject, like P. falciparum (35, 36, 43, 48) , to either a demographic sweep (i.e., a recent expansion of the world populations from one or few parasites) or a selective sweep, or several sweeps, because if the loci are unlinked, each one would become monomorphic only if it is closely linked to a site that has undergone a selective sweep. The polymorphisms observed at antigenic loci would then have arisen by the diversifying selective pressure of the human host's immune system, which largely occurs locally. This is consistent with the high levels of allelic differentiation between populations at TR loci ( Table 3 ). The genetic differentiation between P. vivax populations, moreover, reflects the existence of only weak gene flow between them and strengthens the possibility of particular evolutionary processes that prevail locally.
The mutation rate of microsatellites is orders of magnitude higher than for nucleotide substitutions because of replication slippage that increases or decreases the number of nucleotide repeats. Yet, P. vivax has a complete absence (or nearly so) of polymorphism at all but one microsatellite locus, much less polymorphism than P. falciparum (22) (23) (24) (25) . The evidence favors a recent world expansion of P. falciparum from a small African propagule within the last 10,000 years (43), likely Ϸ6,000 years ago, in association with the spread in Africa of slash-and-burn agriculture, world climate change after the last glaciation, and the evolution of highly anthropophilic Anopheles mosquito vectors (35, 36, 48) . The scarcity of microsatellite polymorphisms in P. vivax supports a recent world expansion of this parasite, which by reference to P. (57) showing genetic relationships of five P. vivax populations and P. simium. AZE, Azerbaijan; ETH, Ethiopia; TUR, Turkey; VEN, Venezuela; THA, Thailand. Genetic distances are computed by using GENETIX 4.0.1 (GENETIX at www.univ-montp2.fr͞ϳgenetix͞genetix͞ genetix.htm). The tree was constructed by using MEGA 2.1 (MEGA at http:͞͞ megasoftware.net).
falciparum may have occurred not earlier than 10,000 years ago, starting from a single progenitor or small propagule, whether in Africa, Asia, or America. One possibility is that P. vivax became a human parasite only in recent historical times, by lateral host transfer from some Old World monkey species. In such case, the ancestral Plasmodium species remains undiscovered; genetically, it would be all but indistinguishable from P. vivax. The only known Plasmodium species meeting this requirement is P. simium, a parasite of New World monkeys.
There is abundant evidence that P. vivax belongs phylogenetically to a monophyletic group of Plasmodium species parasitizing Old World monkeys (Cercopithecoidea), so that the species would have diversified concomitantly with their hosts (14-16, 20, 48, 49) . Our microsatellite data are consistent with this phylogenetic position of P. vivax. The position of P. simium within this phylogenetic group is paradoxical, because P. simium parasitizes New World monkeys (Ceboidea), whose phylogeny is separate from that of the Cercopithecoidea. P. vivax and P. simium are genetically indistinguishable at several gene loci (15, 16, 48) , an observation corroborated by the microsatellite and TR results. The P. simium allele found at all 12 microsatellite loci is the unique or prevailing allele found in P. vivax, and at the 13th locus is one of the alleles found at P. vivax's only polymorphic locus ( Table 1 ). The same observation can be made for the TR loci (Table 2 and Fig. 2 ). On this evidence, P. vivax and P. simium would be considered the same species were it not that they parasitize very different host species. Infected monkeys may constitute ''reservoir hosts'' in the ecosystems where they cohabit with humans.
A parsimonious interpretation of the previous observations is that a recent lateral transfer has occurred from humans to New World monkeys, P. vivax 3 P. simium. This would explain the genetic similarity between the two species but not the scarcity of microsatellite polymorphism in P. vivax. There are biological and historical considerations other than phylogenetic position that would favor a recent transfer from New World monkeys to humans, that is, after the human colonizations of America (15, 48) . This would explain the virtual absence of microsatellite polymorphism in P. vivax, but then there is no simple way to account for the phylogenetic position of P. vivax and P. simium within a monophyletic group of Cercopthecoidean parasites.
Lateral transmission of Plasmodium parasites from monkey hosts to humans is known for several species, including P. simium (50) , Plasmodium brasilianum (51), P. cynomolgi (52) , P. knowlesi (53) , and perhaps Plasmodium simiovale (54) . Transmission from humans to monkeys can be accomplished experimentally (53) and may also occur naturally (55) .
The direction of host transfer between P. vivax and P. simium can be settled genetically. If the transfer has occurred from Ceboidea to humans, P. simium is expected to have greater nucleotide polymorphism at neutral sites than P. vivax. Ascertaining this will require the investigation of numerous independent samples of P. simium, which are not currently available. Moreover, the issue may not be resolved simply, because the genetic impoverishment of P. vivax may be due to a recent demographic sweep, which for now we favor as the likely explanation for this impoverishment.
